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Abstract 

We present and implement a new scheme for extended multi-channel selective femtosecond coher- 
ent control based on symmetry properties of the excitation channels. Here, an atomic non-resonant 
two-photon absorption channel is coherently incorporated in a resonance-mediated (2+1) three- 
photon absorption channel. By proper pulse shaping, utilizing the invariance of the two-photon 
absorption to specific phase transformations of the pulse, the three- photon absorption is tuned 
independently over order-of-magnitude yield range for any possible two-photon absorption yield. 
Noticeable is a set of "two-photon dark pulses" inducing widely-tunable three-photon absorption. 
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When a quantum system is irradiated with a broadband femtosecond pulse, a coherent 
manifold of quantum pathways is photo-induced from one state to the other. Shaping the 
pulse [T] to manipulate the interferences among these pathways is the means by which 
femtosecond coherent control affects state-to-state transition probabilities [21 El IH El E]- 
When several excitation channels to different final states of the system are of concern, in 
many cases it is sufficient to achieve basic multi-channel selective control ("on-off" type) 
of maximizing one channel while minimizing the other channels. However, in many other 
cases a much higher degree of selectivity is desirable, where ideally one channel is tuned 
independently over its full yield range while the other channels are set constant on any 
chosen possible yields. This requires pulse shapes that reduce the correlations between the 
different channel yields. 

Such extended multi-channel selective femtosecond control have been experimentally 
studied so far mostly by employing automatic "black-box" optimization of the pulse shape 
using learning algorithms 0, El El HO] ■ Here we focus on rational femtosecond coherent 
control, where the pulse shaping is based on identifying first the state-to-state interfering 
pathways and their interference mechanism. By itself rational femtosecond control is suitable 
mainly to quantum systems of limited complexity, however it might also serve as a basis for 
establishing control principles that will be incorporated in extended control schemes of high- 
complexity systems. To date, the only rational femtosecond control work studied aspects 
of extended multi-channel selective control is the one by Dudovich et al. [TT] on polariza- 
tion control of two-photon absorption to different angular-momentum states. All the other 
past studies of rational selective femtosecond control involve the simpler ("on-off") scheme 

[121 [131 [H] . 

In this Letter we present and demonstrate a new rational scheme for extended multi- 
channel selective femtosecond coherent control that is based on symmetry properties of the 
excitation channels. The processes under study here are multiphoton absorption processes 
that are of fundamental and applicative importance and have been shown to be coherently 
controlled very effectively PIIIl[l3l[Il[IiS[IIH[I71[l8l^ 

present atomic scenario involves a non-resonant two-photon absorption channel that is coher- 
ently incorporated in a resonance-mediated (2+1) three-photon absorption channel. Their 
one-channel control have previously been studied separately [TSj EI]. Here, by utilizing a 
symmetry property of the two-photon absorption for proper pulse shaping, the three-photon 
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absorption is tuned independently over order-of-magnitude yield range for any possible yield 
of the two-photon absorption. The approach developed here is general, conceptually simple, 
and very effective. 

The two-channel excitation considered here is shown schematically in Fig. [1} It involves 
an initial ground state \g) and two excited states and 1/2)- The \g) and \f\) states 
are coupled by a non-resonant two-photon coupling provided by a manifold of states \v) 
that are far from resonance. The and |/ 2 ) states are coupled resonantly by one-photon 
coupling. Hence, when irradiated with a weak (shaped) femtosecond pulse a non- resonant 
two-photon absorption from \g) to is induced simultaneously with a resonance-mediated 
(2+1) three-photon absorption from \g) to I/2) with as an intermediate state. The final 
(complex) amplitudes Af x and Af 2 of states and I/2) after the pulse is over are given, 
respectively, by 2 nd - and 3 rd -order time-dependent perturbation theory as [151 El] 

% = -^/4^ (2 W 9 ), (i) 



and 
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a h = l^ f2>f y fl>9 [a% + ^— + A ^—] , ( 2 ) 

4f 1)0 ™ = ^E(u hJl )A {2) M , (3) 

/OO 1 

jA^(u h , g -5)E(u hJl +5)d5, (4) 



with 



/OO f*OC 
E{u)E(tt - u)du = / E(tt/2-a)E(tt/2 + a)da . (5) 
-00 J —00 

The quantities ^f 2 j x and fj/j are, respectively, the |/2)-|/i) one-photon dipole matrix el- 
ement and \fi)-\g) effective non-resonant two-photon dipole coupling and 0J m ,n is the 
transition frequency between a pair of states. The E{uS) = |£'(a;)|exp [z$(u;)] is the pulse 
spectral field, related to the temporal field by Fourier transform, with |-E(co)| and <&(u;) 
being, respectively, the spectral amplitude and phase of frequency lu. For the (unshaped) 
transform-limited pulse, which is the shortest pulse for a given spectrum |i£(u;)|, $(c<j) = 
for any uo. The final populations of and \f%) are given, respectively, by Pf x = \AfA 2 and 
Pf 2 = \Af 2 \ . They serve as the measures for the two-photon and three-photon absorption. 

The final amplitude Af 1 of coherently interferes all the possible non-resonant two- 
photon pathways from \g) to \fi), i.e., coherently integrates over all their corresponding 
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amplitudes. Each such pathway is composed of two absorbed photons of frequencies u> and 
u)f i g — uj. The final amplitude Af 2 of I/2) coherently interferes all the possible resonance- 
mediated (2+1) three-photon pathways from \g) to 1/2)- Each such pathway is either on 
resonance or near resonance with having a corresponding detuning 8. It involves a non- 
resonant absorption of two photons with a two-photon transition frequency Uf 1} g — 8 and the 
absorption of a third complementary photon of frequency ojf 2 j 1 + 8. The term A?^ * 1 res 
interferes all the on- resonant pathways (5 = 0), while the term j[y+ 1 > near ~ res interferes all the 
near-resonant pathways (8 ^ 0) with a 1/8 amplitude weighting. The on-resonant pathways 
are excluded from J ^y+ 1 ) near ~ res by ^he Cauchy's principal value operator p. Several two- 
and three-photon pathways are shown schematically in Fig. [IJ The different amplitudes are 
expressed using the parameterized amplitude A^ 2 ' (VL) interfering all the possible two-photon 
pathways with transition frequency Q, each composed of two photons with frequencies u 
and fl — u, or, equivalently, Q/2 — a and Q/2 + a, i.e., two frequencies located symmetrically 
around Q/2. The amplitudes Aft and Ay+i)on-res arg p r0 p 0r tional to A^(Q = while 
^{2+i)near-res j^ggj-^gg over a ]} ^4(2) =Wft t g — $) with non-zero detuning (5^0). 

In order to achieve high degree of selectivity between the two- and three-photon absorp- 
tion channels we utilize phase transformations U^^ 1Y *~ cn%x ^ of the spectral field E(u) that 
do not change the two-photon absorption amplitude Aft but do change the three-photon 
absorption amplitude Aft. Based on Eqs. ([T])-([5]), it applies to any transformation 

^phat CtlVe ~ Cntrl) = exp[*A$ antisym (cj)] (6) 

that corresponds to the addition of a spectral phase pattern 
A$ an ti S ym(^)=A$ ant i Sym (co>/ li9 /2 + a) that is anti-symmetric around cjj 1j9 /2, i.e., for 
any value of a it satisfies the relation 

A$ ant isym(w/ 1 , 9 /2 + a) = -A$ antisym (^ /li5 /2 - a) . (7) 

Such phase addition keeps the value of A^ 2 >(fl = Uf 1>g ) unchanged, while it generally changes 
the value of A^ 2 '(Q = Wf ug — 8) for 8^0. Hence, it alters Aj 2 while keeping Aft invariant. 

So, the following extended selective coherent control scheme for designing the spectral 
phase pattern $(u;) can be applied: The two-photon absorption amplitude Aft is set to a 
chosen value Aft^ase by choosing a proper base phase pattern $b aS e(^)- Then, by adding 
different suitable anti-symmetric phase patterns A$ antisym (cG>), the three-photon absorption 
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amplitude Af 2 is tuned from its base value A/ 2i base over a wide range of values, while Af ± is 
kept constant on Af ljhase . The total spectral phase pattern applied to the shaped pulse is 

= $bascM + A$ antisym (w). 

The phase patterns chosen here as $base(^) and A$ ant i S ym(^) are shown schematically in 
Fig. [TJ The present base patterns $base(^) are of a single ti step at variable position u^p- 

As 

previously shown [15] , this family of pulse shapes allows high degree of the control over the 
full range of the non-resonant two-photon absorption channel. It ranges from zero absorp- 
tion, corresponding to "two-photon dark pulses", up to the maximal possible absorption, 
corresponding to the TL pulse that induces fully constructive interferences among all the 
two-photon pathways [see Eqs.Q and rt5])]. In other separate studies [21], the 7r-step pat- 
terns have also been shown to be very effective in controlling the resonance-mediated (2+1) 
three-photon absorption channel. The present anti-symmetric phase additions A$ ant i Sym (u;) 
are composed of two steps of variable amplitude $™ t ' sym positioned symmetrically around 
u)f lt9 /2 at variable positions that are represented by the left-step position wj^'^™. 

The physical model system of the study is the sodium (Na) atom [2H], with the 3s 
ground state as \g), the 4s state as and the 7p state as I/2) (see Fig. [I]). The transition 
frequency ujf ug = u>4 S ^ s = 25740 cm" 1 corresponds to two 777-nm photons and the transition 
frequency ojf 2 j 1 = ujj p ^ s = 12801 cm -1 corresponds to a 781.2-nm photon. The 3s-4s non- 
resonant two-photon coupling originates from the manifold of p-states, particularly from the 
3p state [a; 3pi 3 S ~16978 cm -1 (589 nm)]. The sodium is irradiated with phase-shaped linearly- 
polarized femtosecond pulses having a Gaussian intensity spectrum centered around 780 nm 
(12821 cm -1 ) with 5.8-nm (95-cm -1 ) bandwidth (~180-fs TL duration). 

Experimentally, a sodium vapor in a heated cell is irradiated with such laser pulses, after 
they undergo shaping in an optical setup incorporating a pixelated liquid-crystal spatial light 
phase modulator [TJ. The effective spectral shaping resolution is 5u s ha P ing = ^-^ cm -1 per 
pixel. The peak intensity of the TL pulse is below 10 9 W/cm 2 . Following the interaction with 
a pulse, the population excited to the 4s state radiatively decays to the lower 3p state, which 
then decays to the 3s ground state. The 3p-3s fluorescence serves as the relative measure 
for the total 4s population Pf x = P^. The population excited to the 7p state undergoes 
radiative and collisional decay to lower excited states, including the 4d, 5d, 6d, and 6s states. 
The fluorescence emitted in their decay to the 3p state serves as the relative measure for the 
total 7p population Pf 2 = P 7p . The fluorescence is measured using a spectrometer coupled 
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to a time-gated camera system. The 3p-3s fluorescence part originating from the 4s state is 
discriminated from the part originating from the 7p state by using a proper detection gate 
width, utilizing the different time scales of the 4s-to-3p and 7p-to-3p decays. 

Figure [2|a) presents experimental (circles and squares) and theoretical (lines) results for 
the basic phase control of the two-channel absorption in Na using the set of shaped pulses 
with the base phase patterns $base(^) of a single 7r step. Shown are Pi s for the non- resonant 
two-photon absorption (squares and black line) and P? p for the resonance-mediated (2+1) 
three-photon absorption (circles and gray line) as a function of the 7r-step position uj^p- 
Each trace is normalized by the corresponding P 4s or P 7p excited by the TL pulse. The 
theoretical results are calculated numerically using Eqs.((T])-([5]), using a grid with a bin size 
equal to the experimental shaping resolution Su> shaping- As can be seen, there is an excellent 
agreement between the experimental results and the numerical-theoretical results. The non- 
resonant two-photon absorption is controlled from zero to 100% of the absorption induced by 
the TL pulse [IS]. The zero absorption corresponds to the two dark pulses occurring when 
u} stcp = 12896 and 12844 cm -1 . Its upper limit is measured here to be 300-fold smaller than 
the TL absorption, as set by the best-achieved experimental noise. The resonance-mediated 
(2+1) three-photon absorption is experimentally controlled from 3% to 240% of the TL ab- 
sorption [24] . The strong enhancement occurs when ^^=^7^^5=12801 cm -1 . As previously 
identified (23], it originates from a change in the nature of the interferences between the 
positively-detuned (S>0) and negatively-detuned (5<0) near-resonant 3s-7p three-photon 
pathways. With the TL pulse they are destructive, while with a 7r-step at uj 1p ^ s they are 
constructive. Overall, as seen from the results, the 7r-step position simultaneously sets the 
two-photon and three-photon absorption levels to specific correlated values. 

The implementation of the symmetry-based selective coherent control scheme presented 
above strongly reduces this correlation. Several examples are shown in Fig. |3j Each panel 
corresponds to a different position of the base 7r-step uj^£ of $base(^), setting the non- 
resonant two-photon absorption to a different chosen level (-P^base), as indicated in the 
panel's inset. The main graph in each panel displays the TL-normalized resonance-mediated 
(2+1) three-photon absorption {Pj p ) resulting from different double-step anti-symmetric 
phase additions A$ antisym (u;) with $^p Sym =7r. It is presented as a function of the left 7r-step 
position ^jeftlstep 7T- Shown are experimental (circles) and numerical-theoretical (lines) results. 

Figure [3ta) shows the results for the case of zero two-photon absorption set by 
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g t g S p =12896 cm 1 . By scanning w^^™^ across the spectrum, the three-photon absorption 



is continuously tuned experimentally from below 1% up to about 20% of the TL absorption, 
while the two-photon absorption is kept constant on its zero level that experimentally corre- 
sponds to a noise-level signal (see above). In other words, the results of Fig. ga) correspond 
to a family of shaped pulses that are all dark with respect to the two-photon absorption, 
while each of them induces a different three-photon absorption level tunable over an order-of- 
magnitude range of values. The present tuning range is determined only by the near-resonant 
component A^ p +l ^ near res of the three-photon absorption amplitude, since a two-photon dark 
pulse also leads to a zero on-resonant component A^ 1 ^ " 1 res [see Eqs.(l)-(5)]. 

Figure |37b) shows the results for the case of maximal two-photon absorption, i.e., the 



TL absorption. It is set by oj^p that is outside the spectrum, leading to a base phase 
pattern that is constant across the whole spectrum. By changing the 7r-step positions of 
the double-step anti-symmetric phase addition, the three-photon absorption is continuously 
tuned experimentally from —30% up to —300% of the TL absorption, while the two-photon 
absorption is kept constant on its maximal level. The strong enhancement of the resonance- 
mediated (2+1) three-photon absorption occurs when wj^^™ = loj p ^ s . The corresponding 
interference mechanism is similar to the one described above for the enhancement occurring 
with a single 7r-step at — ^7 P ,4s : the introduction of such double anti-symmetric n- 

step leads to a destructive-to-constructive change in the nature of the interferences among 
near-resonant 3s- 7p three-photon pathways. The higher enhancement induced with the anti- 
symmetric double-step (300% vs. 240% of the TL absorption) is due to the fact that the 
anti-symmetric phase addition keeps the on-resonant component A^ l " >on ~ Tes on its maximal 



magnitude set by the uniform base pattern, while a single 7r-step at oj^£ = tu 7pjis sets it to 
a lower magnitude [24] . Figures [3(c)-(d) present additional selective control results where 
the two-photon absorption is set on constant intermediate levels in-between zero and the TL 
absorption, while the three-photon absorption is independently tuned experimentally from 
-10% [Fig. [3(c)] or -20% [Fig. gd)] up to -135% of the TL absorption. 

The complete picture for the extended selective femtosecond control of the two-channel 
absorption in Na is shown in Fig. |2](b), presenting numerical-theoretical results for the TL- 
normalized non-resonant two-photon absorption (P^) and resonance-mediated (2+1) three- 
photon absorption (Pi p ). The two- and three-photon absorption levels set by a base 7r-step at 
a given OJ^^ are shown, respectively, by black and gray lines. These are the same theoretical 
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results shown in Fig. [2^ a). The bar around each three-photon absorption point indicates the 
extended tuning range of the three-photon absorption achieved by applying all the possible 
double-step anti-symmetric phase additions of any 0-2tt step amplitude $^p Sym and any 
steps' position (i.e., any u^^p), while the two-photon absorption is kept constant on its 
corresponding base level (black line). As can be seen from this complete picture, for each two- 
photon absorption yield set by the base phase pattern, the three-photon absorption yield can 
independently be tuned over a range of values spanning one-two orders of magnitude. Hence, 
high degree of independent selective control is achieved among the two absorption channels 
and their degree of correlation is considerably reduced as compared to using only the base 
7r-step patterns. Quantitatively, the base levels of the two- and three-photon absorption as 
well as the detuning range of the three-photon absorption depend on the spectral bandwidth 
of the pulse [23]. Still, qualitatively, comparable degree of high selectivity among the two 
channels is achieved with any spectral bandwidth. 

In conclusion, we have introduced and demonstrated a new scheme for achieving high- 
degree of selective femtosecond coherent control among multiple excitation channels. The 
approach developed here is general, conceptually simple, and very effective. By proper pulse 
design, exploiting a symmetry property of one or more channels, the channels of symmetry 
are set constant on chosen yields while the other channels are tuned independently over 
a wide range of yields. When many channels are involved, the scheme can be applied 
iteratively to utilize different symmetry properties of different channels. Amplitude and 
polarization shaping [TJ are natural extensions to the phase shaping employed here. Once 
corresponding symmetry properties are identified, the new scheme can be used in various 
multi-channel scenarios with various types of processes, including also photo-excitations that 
lead to ionization and/or dissociation. 
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FIG. 1: The two-channel femtosecond excitation scheme of Na, including a non-resonant two- 
photon absorption channel from \g)=3s to |/i)=4s and a resonance-mediated (2+1) three-photon 
absorption channel from \g)=3s to \ f2)=7p via |/i)=4s. Shown are examples of two- and three- 
photon pathways. The latter are either on resonance or near resonance with (with detuning 6). 
The inset schematically shows the phase patterns used in the selective coherent control scheme. The 
base patterns 3>basc(w) are of a single 7r step at variable position oj^ep- The anti-symmetric additions 
A<&antisym(^) are composed of two steps of variable amplitude <l>amp sym positioned symmetrically 
around Uf ljg /2 at variable positions that are represented by the left-step position w^ 1 ^™. 
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FIG. 2: (a) Experimental (circles and squares) and numerical-theoretical (lines) results for the TL- 
normalized non-resonant two-photon absorption (squares and black line) and resonance-mediated 
(2+1) three-photon absorption (circles and gray line) in Na, as a function of the 7r-step position 
w stcp °f the base patterns ^base^)- (b) The complete picture of the extended symmetry-based 
selective control of the two-channel absorption in Na. The lines are the numerical-theoretical 
results for the two- and three-photon absorption set by the base phase patterns, presented also in 
panel (a). The bar around each three- photon absorption point indicates the extended tuning range 
of the three-photon absorption achieved by applying all the possible double-step anti-symmetric 
phase additions, while the two-photon absorption is kept constant on its corresponding base level. 
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FIG. 3: Experimental (circles) and numerical-theoretical (lines) results for several example cases 
of the symmetry-based selective coherent control implementation. Each panel corresponds to a dif- 
ferent position of the base 7r-step w^, se of ^^ asc (uj), setting the non-resonant two-photon absorption 
to a different chosen level indicated in the panel's inset. The main graph in each panel displays the 
TL-normalized resonance-mediated (2+1) three-photon absorption resulting from different anti- 
symmetric phase additions A$ ant i S ym(^) with a double rr-step ($amp Sym =7r) at different positions 
represented by the left rr-step position w^ 1 ^™^. The panels correspond to: (a) zero two-photon 
absorption, i.e., to a family of "two-photon dark pulses"; (b) maximal two-photon absorption, i.e., 
the TL absorption; and (c) and (d) intermediate levels of the two-photon absorption. 
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